This study explores the molding processes by using the Multi-component-injection molding (MCM) method, in which monolithic products are molded by attaching mixed liquid-silicone-rubbers (LSRs) to polybutylene terephthalate (PBT) that has the characteristic of self-binding while burning due to Pt catalysts. It is seen that this method increases the binding force between LSR and PBT. The surfaces coated with Polytetrafluoroethylene (PTFE), Cr, Ni, etc. have excellent peeling with plastic and such surfaces are compared with those treated with hot forging die and micro blasting without coating. When peeling tests are performed at the specified polymerization temperature and molding time after LSR molding on these surfaces of hot working die molds without coating, these surfaces show excellent peeling of molds and LSR products. In particular, they show better peeling after micro blasting than surfaces with Cr and Ni coating as well as surfaces without coating, and the peeling strength also decreases. The results of contact angle and XPS analysis indicate that the LSR binding force is enhanced as an effect of catalysts, though it is not found by SEM. According to the XPS analysis, the structures of the surfaces are close to methyl and vinyl materials that are produced while LSR molding.
Introduction
LSRs (liquid silicone rubbers) are polymers that have been applied to various products because they are easy tomold, excellent in chemical resistance, and preserve their physical properties for over 100 years and beyond [1] .
LSRs are thermoset elastic materials with vinyl and methyl groups including polydimethyl siloxane (PDMS) and hydrolyzed vinyltrimethoxysilane (VMS) that are silicone polymers. When catalysts with Pt are added to LSRs to harden them during polymerization, they form silicone and oxide binding structures as well as surfaces with hydrophobic methyl groups. These properties help in securing thermal resistance and elasticity of the surfaces coated with LSR. LSRs have been used for insulation of wires and plugs because they are good elastomers excellent in sealing, adhesion, etc.
In particular, it has been applied in the MCM method where thermoset resin LSR is molded on thermoplastic resin material. The LSR injection process is used for producing high quality products because vehicles and electronic devices should satisfy parameters of not only features but structural factors as well.
The MCM method can be easily employed when making various new products, using LSR binding with various polymers depending on the purposes and environment of products. There is, however, an obstacle to making various products in that the binding force of poly silicone binding material is weak compared to general rubbers [2] .
Also, the firstly molded thermoplastic products must not be deformed by high temperature of the molds. Thermoplastic resin applied to the MCM molding, therefore, uses materials with high thermal peeling temperature: the typical materials include PC, Polyamide (PA6.6), PEEK, PBT, and polyester resin.
After assessing the required interfacial binding force, materials with chemical affinity are applied to the MCM injection molds that use only thermoplastic resin. As materials with different physical properties are used in the thermoset/thermoplastic MCM injection molding, interactions of two material form new material on the surface of the molds and have an impact on the quality of the products. As such, self-adhesive LSRs are used to enhance interfacial binding force.
Materials added to make MCM are suitable for applying to LSRs due to their strong binding force. However, as this also increases interfacial binding force on the surface of the molds, it causes broken interfacial surfaces and peeling errors. Injected LSRs form covalent bonds or secondary bonds with chemical materials and affect the surface roughness of the molds. Strong binding force between molds and LSRs induces degraded quality of LSR/PBT interfaces while taking out the molds. LSR peel residues on surfaces of molds, in particular, may have an impact on continuous processes. These problems occur due to LSRs that have the characteristic of self-bonding. Various coatings as well as release films and agents are therefore used to enhance peeling on metal surfaces.
In mass production of LSR molds, however, improvement of peeling of molds and products is very important to enhance productivity. While improvement of peeling by lubricant coating on surfaces of molds shows excellent characteristics of surfaces, it has the drawback that it is difficult to guarantee durability and maintenance of coated surfaces. It also limits the formation of uniform layers for complex shapes and raises coating costs of components related to LSR molds.
Therefore, several studies have been conducted to secure peeling without compromising on durability, mass production, and cost effectiveness for LSR product molds with more complicated uses.
On the other hand, there have been various studies on how to enhance the binding force between LSRs and other materials such as thermoplastic resin: many studies propose the induction of new bond structures on the LSR surfaces by activating the surfaces using oxygen or hydrogen plasma. These studies introduce production processes using bonds of poly(dimethlysiloaxne) and vinylgroups, in which the binding force of the major bonds at the terminals of methylsilaxane or polyvinylsilaxane is excellent.
F. Wang reported enhancement in the binding force with corona discharge on surfaces of separate thermoplastic resin, using hydrolyzed vinyltri methyloxy silane(VMS) with Pt (H 2 PtCl 6 -6H 2 O) halogen material as a surfactant [3] .
From the results of studies to enhance binding force in final products of several polymers, improved binding force caused broken products due to degraded peeling on surfaces of molds in the actual mass production, decreasing productivity. This study aimed to improve peeling of LSRs in mass production.
This study analyzed peeling of molds that was caused by the interfacial binding force of LSRs during injection molding of different materials. It was found that the cavity geometry of molds has impacts on the strength of the product interfaces. Binding force was controlled by arranging parameters in this study [4] .
In addition, various studies were performed on peeling of injection molding using the roughness of surfaces. Meanwhile, some researchers have reported problems regarding peeling on the surfaces of molds with CrN, TiN, and DLC coatings in the PVD and PACVD processes. By using molds with Cr and Ni coating and PTFE coating, that are excellent in peeling, together with micro blasting of surfaces on mold steel (raw material) using particles with high hardness and elasticity, they analyzed surfaces and the peeling strength of products to find the causes of peeling.
The binding force between molds and products was estimated in the ASTM D 3163-01 method and the flexible-to-rigid joint method in which 90˚ peel tests were done in the BS 5350:part C10:1976, 1979, etc [5] [6] .
On the other hand, it was found that frictional coefficients had impacts on the ejection force in the final ejection stage. This is likely to be related to contact energy on the final surfaces of molds and the interfaces of polymers [7] [8] .
In most cases, however, regardless of their properties, coatings have very complex shapes on the surfaces of complicated molds. The surfaces of molds are heated at the burning temperature of Pt surfactants contained in LSR material. To compare peeling in self coating on the molding process of LSRs with that of non-coated molds and molds treated with micro blasting, the binding force between molds and LSRs was measured by peeling strength tests.
According to whether LSR molding was performed on molds or not, changes in surfaces were observed with the field emission scanning electron microscope (FE-SEM). To analyze peeling on surfaces of molds, we measured the angle formed between water drops and their contact surface, using the Sessile water drop contact angle tests, and then surface energy was estimated to check changes in the state of surfaces. To predict the structure of material that affects peeling of the mold surfaces, changes on the mold surfaces while applying LSR molding were analyzed and compared together with changes in the characteristics using X-ray photoelectron spectroscopy (XPS) .
By understanding what impacts the adhesive force between LSRs and molds with various coatings has on the peeling of molds by self coating, relations of peeling to changes in the characteristics of the mold surfaces were deduced. When these characteristics are applied to the mass production of LSRs in areas where it is hard to coat due to their complicated shapes, it would secure processes in which the mass production of molds is possible by only arranging the optimal self-binding of LSRs and controlling the burning temperature, even without coating.
Experimental Study

Materials
The LSR material used in this study was Silopren LSR 2740 TP 3783 of Momentive that enhanced the binding force of LSR products: these LSRs composed of A with Pt catalysts and B, and showed excellent self-bonding when A and B were mixed. Further, the two components, the main material and the hardening material, are mixed in a 1:1 ratio. SKD61 (JIS-standard) material, as shown in Table 1 , was selected as the material for molds to estimate peeling when molding LSRs; they were quenched at 1030˚C and passed through two sessions of tempering heat treatment at 520˚C.
In order that the products are easily released, the top molds for the peeling tests are coated with PTFE that is excellent in peeling. The bottom molds, that determine the shape of products, were fabricated in the dimensions of 100 × 100 × 10, abraded to have a constant roughness, and passed through one of these processes: non-coating, micro blasting (MB), Chromium coating, Nickel coating, and PTFE coating. Figure 1 shows a general injection molding method of manufactured molds: thermoplastic resin was heated and entered into molds in the first molding process. Figure 2 shows the test method and molds to estimate test specimens. While the bottom molds were ex changed according to each coating method using simple injection molds that were made in the vertical type, tests were Table 1 . Chemical composition of SKD61 Mold Steel (wt%). performed in which the LSR products molded in the constant shape were taken out together with bottom molds. Resin was injected into the specimens of LSR 2740 for peeling estimation using the carrier plate, and then the top plate compressed resin to the mold specimens while mounting them on the plate. Thermoplastic resin molds were kept at 25˚C -100˚C to be controlled at a constant temperature through heat exchange etc. For the second molding, molds in operation were rotated and silicone was injected into the 1st molded thermoplastic resin. Silicone injected into the hot molds heated by the cartridge heater was added to the final products through hardening.
Ejection Testing
Propagation of Specimen
The top and bottom plates were treated with fluorine coating to prevent LSR adhesion. To harden LSR 2740, the heating plate mounted with the cartridge heater was heated at 170˚C as recommended by Mometive according to the physical properties of the material. It was then uniformly hardened for 400 seconds to be perfectly hardened.
Measurement of Adhesion Strength
Samples to compare peeling of molds and LSR molding products were designed to be made as shown in Figure  3 (a). Molding products were taken out while being attached on the surface of molds and made in the form of tension tests, as shown in Figure 3(b) .
The binding force between molds and products were measured using the flexible-to-rigid joint method, in which the molds and products were fixed by the tension tester to estimate peeling in the same 90˚ peel test as in the ASTM D 3163-01 method and BS 5350: part C10: 1976, 1979, etc.: the tension speed was constant at 500 mm/min [6] .
In the results of peeling tests, the force on interfaces was taken to be the average value in the range of expe- riments for quantitative analysis, and W-peeling force was calculated by average force (F) and the width (b) of interfaces. Figure 4 shows the experimental instrument and typical measurement data.
Characterization
Due to additives used to enhance adhesion with plastic, applied DSRs also enhance adhesion of the surface of molds. This is disadvantageous for the peeling of molds and plastic resin. To improve the performance of DSRs, there have been many studies on coating technology with various peeling. LSR residue and its components were analyzed by SEM and EDS (JEOL FE-SEM/EDS, JSM-7001F) measurement on the surface of LSR molds as well as specimens passed through these treatments: non-coating, chromium, nickel, PTFE coating, and micro blasting.
To observe changes on the surfaces by LSRs, the shape of the surfaces was observed by AFM (Nano-R AFM, Pacific Nano technology). At 10 seconds after water drops made a thermodynamic equilibrium in the Sessile water drop method (DSA30, Kruss), the contact angle on the surface of the bottom mold according to coating methods was measured: it measured the angle that the contact point on the surface of the solid made with the end point of the liquid drop curve at the contact point of solid-liquid-gas [6] .
Results and Discussion
Effects of Coating
Results of peeling experiments on various LSR mold coating specimens were shown as in Figure 5(a) . The average adhesion force and the load until release by peeling after reaching the constant load, was calculated as shown in Figure 5(b) .
In Figure 5 (b), the average value of the peeling strength was the maximum for LSR 2740 and PBT specimens; and the average adhesion force was 0.27 kgf/mm.
The LSR products of PTFE coating specimens were peeled right after molding due to their excellent peeling Coating Type top mold like characteristic. For this reason, their adhesive specimens could not be made and they were excluded in the peeling experiment. The average adhesive force of SKD61 abraded specimens and those with Cr and Ni coating was 0.21 -0.23 kgf/mm. As this value was not largely different from the peel strength of PBT, it would have impacts on LSR/PBT interfaces compared to peeling from molds and LSR products.
The average adhesive force of micro blasting specimens without coating was 0.14 kgf/mm; and their peel strength showed the lowest values among estimated specimens. This result showed that peeling could be obtained through mechanical surface treatment without chemical coating except for PTFE coating.
Results of observation on surfaces and cross sections with SEM according to types of coatings are shown in Figures 6(a)-(e) : it is difficult to find formation of layers in the cross sections though the brightness depends on the surfaces after burning.
Meanwhile, the adhesive force between the LSR surfaces and molds was observed on surfaces formed through micro blasting as shown in Figure 6 (e), considering that it would be affected by the adhesion area and enhanced adhesive force due to expanded volume caused by LSR molding pressure and hardening reactions. The phenomenon of LSRs forming self-binding components attached to molds could be caused by the chemical reactions that occurred at points where LSRs contacted surfaces of molds while molding. The changes caused by chemical reactions on the surfaces of LSRs before and after molding were compared according to types of coatings on surfaces, as shown in Figure 7 , using changes in the water contact angle with LSR molded surfaces and unmolded surfaces for various coating specimens.
Microscopic Analysis and Characteristics of Coating Surfaces
In the cases when LSR molding was performed once, as shown in Figure 5(a) , components of surfaces for the molds showed almost no difference between LSRs and molds.
In the molds with LSR molding performed more than four times, however, the ratio of particular atoms on the surfaces increases as shown in Table 2 . As for the ratio of components for non-coated samples, micro blasting, and PTFE coating layers, it increased in these ranges: carbon increased from 24.12 at% to 30.42 at% for non-coating; 4.5 at% to 7.21 at% for oxide; and 1.46 at% to 2.4 at% for silicone .
In the molds with micro blasting, on the other hand, carbon showed a small increase from 31.87 at% to 32.02 at% after five times of LSR molding tests. For oxide, it increased from 19.69 at% to 23.50 at%: it showed a substantially higher ratio than abraded molds. For silicone, it increased nearly two times from 1.85 at% to 3.96 at%. This was caused by due to an increase of oxide on surfaces for micro blasting, was proportional to the roughness, and silicone elements are more absorbed at LSRs.
The Sessile water drop method that was performed to predict the state of surfaces shows a surface contact angle of 86.8˚ for SKD61 in Figure 7 .This value is close to hydrophilic; but it changed to 114.4˚ after LSR molding, indicating hydrophobic tendencies.
When chromium coating was done for SKD61, the contact angle was 97.4˚ at coating as shown in Figure 7 ; and it increased to 120.6˚ after LSR molding as shown in Figure 8 .
When nickel coating was done for SKD61, the contact angle at coating was 82.9˚ as shown in Figure 7 ; and it increased to 112.1˚ on the surface of LSR molding, which is a little lower than contact angles for chromium coating and non-coating. It is assumed that the material formed by reactions on the surface and change in the roughness had impacts on the peeling of products.
When PTFE coating was done for SKD61, the contact angle on the surface was 74.8˚, which is hydrophilic; and it changed to 117.7˚ on the surface of LSR molding.
After LSR molding, the contact angle increased by 2˚ -5˚ on the PTFE coated surfaces that had excellent peeling. When the contact angle was measured on the surfaces of LSR products after molding as shown in Figure 9 , it showed large differences in the angle on the mold surfaces: this means that LSR products have excellent hydrophobic properties. Structures formed during the LSR molding process were found on the surfaces of all metal materials including PTFE.
Analysis of the Characteristics of Repeated Molding
LSR molds are parts manufactured by mass production and cannot secure durability of their coated surfaces by general coating. Coating costs of component parts related to LSR molding have therefore increased. For PTFE coating with excellent lubricity, coating may be difficult due to the complex shapes of precise components or parts that require precise dimensions. For these components or parts, it is necessary to study surface treatment methods. In this study, LSR material with excellent self-binding was selected and surfaces and components were analyzed for specimens that have similar characteristics to LSR products. As a result, residue coating layers were formed on the surfaces of coating specimens after LSR coating. This means that any shape of LSR layer can form on the surfaces of LSR coating.
In this study, therefore, LSR coating was repeated 25 times for SKD61 abraded specimen and micro blasting specimen without coating in consideration of durability, mass production, and cost reduction of LSR molds, and then changes in adhesive force and water contact angle were analyzed. Figure 10 shows measured peeling strength and calculated adhesive force after repeated LSR molding for these specimens: a) SKD61 + non-coated specimen, and b) SKD61 + micro blasting specimen.
As shown in Figure 10 (a) and Figure 10(b) , the peeling strength for the two specimens was large for LSR molding once; but it showed lower value up to 1 kg as the repeated times of LSR molding increased. The decrease in the peeling strength in Figure 10(b) was more than seen in Figure 10(a) ; there was also a difference in the contact angle up to 5˚, showing a change to the hydrophobic region in Figure 10(c) and Figure 10(d) .
To compare the differences and their effects on surfaces with abraded SKD61, micro blasting, and PTFE coating, the surfaces were analyzed through AFM. Figure 11 shows reports the state of the surfaces. The average roughness on the surfaces with LSR molding once for non-coated SKD61 was 0.042 μm as the Ra value and 0.234 μm as the roughness value, as shown in Figure 11(a) .
In the case of SKD61 with LSR molding repeated five times for various levels of roughness of molds or other 
Results of Analysis According to the State of Binding Energy with XPS
The specimen of the bottom mold was etched for 10 minutes after performing LSR molding once and again after LSR molding repeated 5 times, and the foreign material was removed. Next, the binding energy was measured with the XPS device [1] . Figure 12 shows the results of observation on binding structures of Si 2p and C1s on the surfaces after performing LSR molding once on SKD61 abraded molds without coating. The results of observation of the state of energy in each atom via curve fitting, as shown in Figure 12(a) , indicate that SiO 3 -C (102.8 eV) occupied almost all the silicone structures before etching (i.e., in the outer part of molds). These structures were similar to components of repeated structures of LSRs. As shown in Figure 12(c) , SiO 3 -C (102.8 eV) and SiO 2 -C 2 (101.6 eV) occupied almost 50% of surfaces after etching. Investigating the C1s binding structures in Figure 12(b) , the outer surfaces had C-C/C-H (284.6 eV), C-Si (283.4 eV), and C-O (285.4 eV) structures: external binding of methyland vinyl groups, the major structures of LSRs, showed a mixed form with oxide. After C1s etching, the surfaces were composed of bonds in which most were methyl groups, C-C/C-H.
The distribution of binding energy on the surface of SKD61 LSR molding repeated 5 times shown in Figure  13 indicates that most of the surface was occupied with SiO 3 -C (102.8 eV) as shown in Figure 12(a) , but SiO-C 3 (100.4 eV) remarkably increased as shown in Figure 13(a) . Further, C-C/C-H (284.6 eV) in the C1s structure occupied most of the surface before etching, as shown in Figure 13(b) . SiO 3 -C (102.8 eV) in the Si 2p binding structure after etching was more dominant than SiO 2 -C 2 (101.6 eV), as shown in Figure 13 (c). Figure  13(d) showed the same structure as in Figure 13(b) . Figure 14 shows the results of binding energy on the surfaces of molds with SKD61 micro-blasting LSR molding performed once. Figure 14(a) shows the Si 2p structure that was occupied largely by SiO 3 -C (102.8 eV) Figure 14(a) . It is speculated that silicone structures were easily absorbed as a large amount of oxide was formed on the mold surfaces due to micro blasting. The C1s structure was largely occupied with C-C/C-H (284.6 eV) as seen in Figure 15(b) . After etching, only Si-O (102.8 eV) was dominant and SiO 2 -C 2 (101.6 eV) increased in the Si 2p energy, as shown in Figure 15(c) .
Figure 15(d) shows bonds composed of C-C/C-H and C-O, C-Si. It is assumed that these structures form sufficient bonds with large amounts of oxide on the surfaces of micro blasting molds with LSR molding performed 5 times, compared to those with LSR molding performed once, and the major structures of LSRs made layers. The same results could be predicted from the fact that there were differences in the amount of carbon and the ratio of major components on the surfaces of non-coated mold steel and those with micro blasting, from the results of EDS surface analysis on the mold surfaces with LSR molding performed 5 times. Figure 16 shows the results of surface analysis of PTFE coated molds with LSR molding performed 5 times. Figure 16(a) shows the Si 2p structures that were composed of SiO 2 -C 2 (101.6 eV), SiO-C 3 (100.4 eV), and SiO 3 -C (102.8 eV). Figure 16(b) shows that C-Si (283.4 eV) structures were more dominant than C-C/C-H, C-O structures. This was very different from the surface structures of non-coated and micro blasting molds: it means that these structures have bonds with optimal structures to enhance peeling.
In other words, these oxide structures are stable in the Si bonds, and the C structures with micro blasting have more C-C/C-H than C-Si. In the cases of PTFE coating, C-Si structures are remarkably dominant than C-C/C-H and should form stable films on surfaces to decrease reactions with LSRs; and peeling is excellent even though the contact angle is less than 120˚. 
Conclusions
1)
In this study for the development of products with LSR material, the simultaneous forming and molding method of structures with thermoplastic resin was applied to the MCM process using mixed 2740 material and self-binding material added with a Pt catalyst.
2) The study discussed peeling problems with molds and products, caused by the material added to enhance the peeling strength. To estimate enhanced peeling by coating, surface treatments such as Cr, Ni, PTFE, and micro blasting were performed.
3) In particular, as there was a problem with PTFE due to its tendency to form a width of tens of microns, micro blasting instead of coating treatment was conducted for LSR injection and molding. After repeating this Intensity (Arb.)
Binding energy(eV)
C-C/C-H PTFE_C1s process several tens of times, it was found that the peel strength greatly decreased. 4) These phenomena could be analyzed with EDS and XPS, because it promoted the molding of LSR material and various chemical reactions on metal and oxide surfaces of metal material with the aid of Pt catalysts entered to enhance self-binding, and formed layers on the outer surfaces. 5) Results of contact angle measurement by Sessile water drop test as well as XPS surface analysis showed that LSR products were hydrophobic. As results of surface analysis after performing LSR molding several times, binding structures similar to LSRs were formed between molds and LSRs by silicone and methyl and vinyl chemicals via self coating. Bonds were differently formed according to the states of the outer surfaces: non-coated molds, micro blasting molds, and PTFE molds. The peeling strength was also different according to the types of bonds.
6) Therefore, it was proposed that PTFE coating with excellent peeling should be applied to major surfaces using micro blasting to precisely fabricate parts in instances where PTFE coating was difficult to be applied.
